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N O T I C E  
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accuracy, completeness, or usefulness o f  the information contained in this 
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from the use of any information, apparatus, method or process disclosed i n  th i s  
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employment or contract with NASA, or his employment w i th  such contractor. 
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FORENORD 

The SNAP-8 seals- to-space concept involves  t h e  use of v i sco  pump, molecu- 
lar  pump, and dynamic s l i n g e r  elements. The seals- to-space program encompassed 
bas i c  t e s t  work on each of t hese  components for t h e  purpose of demonstrating 
s a t i s f a c t o r y  performance f o r  SNAP-8 opera t ing  condi t ions.  
bas ic  component tests,  an o v e r a l l  i n t eg ra t ed  seal tes t  r i g  w a s  b u i l t  and operated.  
This r i g  provided a near ly  p e r f e c t  s imulat ion of t h e  SNAP-8 t u r b i n e  a l t e r n a t o r  
assembly seal- to-space conf igura t ion  and thermal  environment, and demonstrated 
t h e  s a t i s f a c t o r y  performance of t h e  s e a l .  

----< -I-* 

I n  a d d i t i o n  t o  t h e  

Volumes I through I11 of t h i s  r epor t  cover t h e  work done on t h e  v isco  
pump, molecular pump, and dynamic .._- d i n =  1- elements.  Volume I V  descr ibes  t h e  
design and opera t ion  o f  tkie in tegra ted  sea i  s imula tor ,  

The SNAP-8 Seals-to-Space Development Test Program was c a r r i e d  out  under 
t h e  auspices  of t h e  SNAP-8 Division,  Von Karman Center, Aero Jet-General  Corpora- 
t i o n ,  as p a r t  of t h e  SNAP-8 Contract work. 

M r .  C .  G. Boone, Chief Engineer f o r  t h e  SNAP-8 Division,  had o v e r a l l  re- 
s p o n s i b i l i t y  f o r  t h e  SNAP-8 Seals-to-Space Development T e s t  Program. Mr . R .  L * 
Lessley,  Engineering Department, SNAP-8 Givision,  had direc-k r e s p o n s i b i l i t y  for 
t h e  program. Ass i s t ing  Mr. Lessley were E.  A. Haglucd, J. K. Rodgson, and I. 
L. Marburger, a l l  of t h e  Engineering Department, s~Ap-8 Division.  
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The seal- to-space concept advocated f o r  use i n  t h e  SNAP-8 power conversion 
system r o t a t i n g  assemblies u t i l i z e s  two bas i c  elements.  
c r e a t e s  a l iquid-vapor i n t e r f a c e  ( i . e . ,  a l i n e  of demarcation between l i q u i d  and 
vapor) ,  
t h e  l iquid-vapor  i n t e r f a c e .  
vapor i n t e r f a c e  element f o r  t h e  cur ren t  SNAp-8 seal- to-space conf igura t ion .  
order  f o r  t h e  s l i n g e r  t o  f u l f i l l  i t s  intended r o l e ,  however, t h e  l iquid-vapor  
i n t e r f a c e  must be s table .  
which can poss ib ly  pass  on through the seal. 

The f i r s t  element 

The second element r e s t r i c t s  leakage of t h e  vapors which emanate from 
A dynamic s l i n g e r  has  been se l ec t ed  as t h e  l i q u i d -  

I n  

Otherwise d r o p l e t s  may be generated by t h e  i n t e r f a c e  

A series of t e s t s  was conducted i n  which o i l  and mercury s l i n g e r s  were 
operated at t h e  s p e c i f i c  condi t ions  encountered i n  t h e  SNAP-8 r o t a t i n g  assem- 
b l i e s .  The purpose of t h e s e  tes ts  was t o  demonstrate t h a t  t h e  s l i n g e r  i n t e r -  
f aces  a c t u a l l y  do provide a p o s i t i v e  demarchtion between l i q u i d  and vapor and 
thus  c r e a t e  a barr ier  t o  prevent  leakage o f  raw l i q u i d .  The s l i n g e r  housings 
conta inedt ransparent  s ec t ions  which permit ted observat ion of the  i n t e r f a c e  dur- 
i n g  operat ion.  Pumping and drag  da ta  were a l s o  co l l ec t ed .  

"he o i l  s l i n g e r  tes ts  revealed t h e  presence on t h e  s l i n g e r  s t a t i c  w a l l  of  
a f i l m  t h a t  could serve as a vehic le  f o r  t h e  t r a n s p o r t  of o i l  p a s t  t h e  i n t e r f a c e .  
It w a s  found t h a t  t h i s  problem could be  avoided by coa t ing  t h e  s l i n g e r  w a l l s  wi th  
a non-wettable material such as Teflon. 
small populat ion of l i q u i d  d rop le t s  within trhe i n t e r f a c e  r ad ius .  
t o  t h e  s l i n g e r  conf igura t ion  successfu l ly  e l iminated t h i s  i?roplet  formation. 
?"nus, s a t i s f a c t o r y  s l i n g e r  performance a t  S ~ m - 8  opera+,ing condi t ions i s  poss i -  
b l e  f o r  both o i l  and for mercury. 

Tests of mercury s l i n g e r s  revealed a 
A modi f ica t ior  

v i  i 
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I. IraTRODUCTION 

The cur ren t  SNAP-8 seal concept i s  i l l u s t r a t e d  i n  Figure 1. The purpose of 
t h e  seal i s  t o  prevent mixing of t he  tu rb ine  mercury with t h e  bear ing o i l .  
i s  accomplished by vent ing a sec t ion  o f  t h e  s h a f t  t o  space and permi t t ing  a small 
cont ro l led  leakage of  each l i q u i d  t o  t h e  space vent cav i ty .  
leakage i s  con t ro l l ed  by mercury and o i l  seals- to-space.  Each seal cons l s t s  of 
(a)  an element for c r e a t i n g  a l iquid-vapor i n t e r f a c e  t o  prevent passage of raw 
l i q u i d ,  and ( b )  an element f o r  r e s t r i c t i n g  t h e  leakage of vapors emanating from 
t h e  l iquid-vapor  i n t e r f a c e .  

This 

The magnitude of t h i s  

The main elements of mercury s e a l  i n  Figure 1 a r e  (a) a seal cooler ,  which 
causes the seal region next t o  t h e  turb ine  t o  remain f u l l  of mercury condensate; 
( b )  a herringbone v isco  pump, which prevents l i q u i d  mercury from cen t r i fug ing  
i n t o  the tu rb ine  wheel housing; ( c )  a vaneless s l i n g e r  ( cons i s t ing  of a s t e p  i n  
t he  shaf t ) ,  which establishes a liquid-vapor in t e r f ace ;  and ( d )  a molecular pump 
which r e s t r i c t s  leakage of vapors from the  s l i n g e r  l iquid-vapor  i n t e r f a c e .  Leak- 
age is  f u r t h e r  reduced by t h e  tendency of t h e  s e a l  cooler  t o  r e f r i g e r a t e  t h e  
l iquid-vapor  i n t e r f a c e ,  thereby reducing t h e  dens i ty  of the leakage vapors. 

The o i l  s e a l  i s  similar i n  construct ion.  It c o n s i s t s  of (a)  a dynamic 
s l i n g e r ,  which establishes t h e  l iquid-vapor in t e r f ace ;  a i d  ( b )  a molecular pump 
f o r  r e s t r i c t i o n  of vapor leakage e 

T h i s  r epor t  dea l s  w i t h  t h e  r o l e  of t h e  dynamic s l i n g e r  i n  t h i s  seal-bo- 
Since i t s  s o l e  funct ion i s  t o  prevent t h e  l o s s  o f  r a w  l i q u i d ,  it space concept. 

i s  imperative that t h e  s l i n g e r  l iquid-vapor i n t e r f a c e  provide a pos i t i ve  dema, pca- 
t i o n  between l i q u i d  and vapor i n  the  s e a l .  
f a c e  is  s t a b l e .  Under c e r t a i n  operat izg coztditions, l iquid-vapor  i n t e r f a c e s  ob- 
t a i n e d  i n  dynamic s l i n g e r s  a r e  unstable  (Reference 1). I n  such cases  t h e  -Enter- 
f ace  can a c t u a l l y  generate d rop le t s  which are discharged i n  a ra .d ia l ly  inward 
d i r e c t i o n .  Since genera l  l a w s  governing s t a b i l i t y  of such an i n t e r f a c e  have not 
y e t  been formulated, t e s t s  were required t o  demonstrate t h e  s t a b i l i t y  of the 
s l i n g e r  i n t e r f a c e s  a t  SNAP-8 operat ing condi t ions w i t h  ET'-378 o i l  and mercury. 
The same tes t  e f f o r t  a l s o  permit ted measurement of pumFing and drag c o e f f i c i e n t s .  

T h i s  can be done only if the  i n t e r -  

11. PROGRAM OBJECTIVES 

Program objec t ives  were as follows: 

A. To determine adequacy of mercury s l i n g e r  l iquid-vapor i n t e r f a c e  f o r  
use i n  SNAP-8 seals- to-space 

1 
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B. To determine adequacy of ET-378 o i l  s l i n g e r  l iquid-vapor  i n t e r f a c e  f o r  
SNAP-8 seals- to-space 

C. To determine inf luence of s l i n g e r  a x i a l  c learance on i n t e r f a c e  s t a b i l -  
i t y  f o r  o i l  and mercury s l i n g e r s  

D. To measure s l i n g e r  punping and drag  c o e f f i c i e n t s .  

111. TEST APPARATJS AN9 -NETHOZ3 

A. O I L  SLINGER TESTS 

1. Sl inge r  Configurations 

Both vaned and vaneless s l i n g e r s  were evaluated i n  t h e  o i l  
s l i n g e r  tests.  
tem 
t h e  per iphery of t h e  o i l  s l i n g e r ,  The bearing Operation i s  based on t h e  e f f e c -  
t i v e  scavenging of t h e  bear ing cavi ty .  
means t h a t  t h e  15 psia return pressure must be generated i n  the pumping continuum 
contained between t h e  s l i n g e r  and the  ou te r  r ace  of  t h e  bear ing.  
generate  15 p s i a  with such a l i m i t e d  submergence o f  t h e  s l i n g e r  d i sk ,  it was 
necessary t o  s e l e c t  a vaned s l i n g e r  configurat ion.  Later whei t h e  s l i n g e r  return 
p res su re  was reduced from 15 psia. t o  5 p s i a  it was poss ib l e  t o  a.bandon t h e  vaned 
s l i n g e r s  i n  favor  of vaneless  s l i nge r s .  Thus t h e  o i l  s l i n g e r  t es t s  involved both 
vaned and vaneless s l i n g e r  configurat ions,  although only ?.he vaneless  s l i n g e r s  
were used i n  the a c t u a l  SXAP-~ r o t a t i n g  assemblies ,  
t e s t e d  are shown i n  Figures  2 t o  5. 

This was done because during t h e  e a r l y  p a r t  of t h e  program, sys -  
cons idera t ions  had requi red  a l u b r i c a t i n g  o i l  r e t u r n  pressure  of  15 p s i a  a t  

;n t h e  arrangement of Figure 1, t h i s  

I n  order  t o  

Some of t h e  conf igura t ions  

2. O i l  T e s t  R i g  

The f i r s t  of two t e s t  r i g s  used for evalkat,ion of o i l  s l i n g e r s  
i s  shown i n  F i g z e s  6 and 7. 
d i s k  and d r ive  sp indle  i n  a transparer,? l u c i t e  housing. The t r anspa ren t  housing 
permit ted viewing of t h e  s l i n g e r  i n t e r f ace  3ur.ir;g 12,000-rpm opera5ioi .  The t e s t  
r i g  w a s  d r iven  by a 12,000-r*pm, kOO-cycle, 3-phase, forced-air-cooled induct ion 
motor. The r i g  had provis ions  for varying a x i a l  c learance of t he  s l i n g e r  or suc- 
cess ive  buildups.  During each run, r a d i a l  ergagement between t h e  s l i n g e r  d i s k  
and t h e  l i q u i d  was var ied  by con t ro l l i ng  l i q u i d  pressure appl ied  af, t h e  s l i n g e r  
per iphery.  Provis ions were made f o r  applyiyg a v&caTAm t o  the  s l i n g e r  i n t e r f a c e  
i n  o rde r  t o  prevent  any inf luence of at2nospheric a i r  on i n t e r f a c e  s t a b i l i 5 y .  

The test, r i g  cons is ted  of a 2 .5 - i a0 -d ia  s l i n g e r  

Loop schematics used f o r  water a i d  f o r  o i l  t es t s  are presented 
i n  F igures  8 and 9. 
countered during o i l  tests caused cracking and geneyal d e t e r i o r a t i o n  of t h e  
l u c i t e  housing. 

T h i s  t es t  r i g  was opera3ed u_rit,il elevat.ed tempeyatures en- 

It was then  replaced by t h e  r i g  pictix-ed i n  F i g w e s  10 and 11. 

The new t e s t  r i g  incorporszed metal housings and w a s  designed 
f o r  ope ra t ion  over a wider range of pressures  and ttemperatures. 
face  p l a t e  made of a c l e a r  po lyes te r  w a s  loca ted  by t h e  outboard face of t h e  
s l i n g e r .  This p e r a i t t e d  photographs of t h e  s l i n g e r  in t .e r face  during t . e s t ing ,  A 
cross s e c t i o n  of t h e  r i g  i s  shown in Figure 12.  

A t r anspa ren t  

2 
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Instrumentat ion penet ra t ion  included s l i n g e r  o u t l e t  p re s su re  and 
temperature.  Vacuum p o r t s  were provided t o  the i n t e r f a c e  c a v i t i e s  on each s i d e  of 
t h e  s l i n g e r  d i sk .  A magnetic speed pickup was provided f o r  sha.ft speed measure- 
ment. Pressures  were measured with Heise gages having a maximum e r r o r  of O,25 t o  
0.5 p s i .  
with a Symplytrol meter read-out (maximun e r r o r  of 5OF). 

Temperature readings were ott,ai.ned from iron-constantan thermocouples 

3 .  Procedure f o r  O i l  Tests  

P r i o r  t o  t h e  running of  each t e s t ,  t h e  o i l  was heated t o  200°F 
and allowed t o  de-gas under a vacuum f o r  2 t o  4 hours.  The t e s t  loop pump motor 
was s t a r t e d  and t h e  o i l  was allowed t o  c i r c u l a t e  i n  a by-pass c i r c u i t .  Pressur -  
ized bu f fe r  o i l  was valved i n t o  t h e  region between t h e  two s h a f t  seals. A vacuum 
was then  appl ied  t o  t h e  s l i c g e r  cavi ty  and the  t e s t  r i g  motor was s t a r t e d ,  The 
s l i n g e r  i n l e t  and o u t l e t  valves were then  manipulated t o  introduce t h e  working 
f l u i d  and t o  e s t a b l i s h  t h e  des i r ed  in t e r f ace  loca t ion  and o u t l e t  p ressure  l e v e l .  
Flow of water through housing cooling passages was modulated t o  a t t a i n  t h e  des i r ed  
temperature of t h e  s l i n g e r  o i l .  When v i s u a l  observat ion of t h e  i n t e r f a c e  ind i -  
ca ted  s t eady- s t a t e  operat ion had teen achieved, a photograph was taken of  t h e  
i n t e r f a c e  and recordings were taken  o f  system pressures ,  temperatures,  and s h a f t  
speed. The motor power was then  in te r rupted  and a dece le ra t ion  t r a c e  was re- 
corded on an osc i l lograph .  This dece lera t ion  t,rsce, togezher with another  de- 
c e l e r a t i o n  t r a c e  taken with no l i qu id  i n  t h e  s l i n g e r ,  provided information from 
which power l o s s  of t h e  p a r t i a l l y  submerged s l i n g e r  was calcLlated (see Appecdix 
A f o r  a desc r ip t ion  of the method). 

The data just  descriked w a s  recorded f o r  s eve ra l  rad ia l  engage- 
ment values  and seve ra l  a x i a l  c learance values  for both vaned and vaneless  s l i n g e r s .  
The e n t i r e  set  of tes ts  w a s  repeated over a. range of o i l  temperatures t o  permit 
c o r r e l a t i o n  of the pumping and drag  c o e f f i c i e n t s  w i t h  Reynolds Number. 

B. MERC;TRV SLIXGE'R TEST'S 

1. Percury Test  Rig 

The Mercury S l i r g e r  Tess Rig i s  shown i n  Figure 1-3 and Figure 14. 
A 2.0-in.-dia smooth s l i n g e r  was mounted on a. s h a f t  sspported by two grease- lubr i -  
ca ted  bear ings.  The bearing housing w a s  constracted from 300 series s t a i n l e s s  
s t e e l  and contained a cool ing annulus on +,he motor side.  ?'he s t a i n l e s s - s t e e l  t e s t  
s e c t i o n  housing a l s o  cogtained a cooling annulus and had provis ions  i n  the s l i n g e r  
f ace  area t o  accept  a t r aaspa ren t  quartz i n s e r t .  The i n s e r t  pe rn i t zed  viewing o f  
t h e  s l i n g e r  i n t e r f ace .  The t e s t  secsion housing was af,tacheJ to the  bear ing hous- 
i ng  by a mating thread .  With t h i s  asra,ige%ent, the  t e s t  s e c t i o n  housing could be 
r o t a t e d  t o  change the s l i n g e r  a x i a l  c learance without disassembling the  machine. 
F l ex ib l e  flow and instrumen', l i n e s  were to h e  provided on t h e  t e s t  s ec t ion  t o  a l -  
low such ad jus tnents .  

The t e s t  cav i ty  was isola+,ed from t h e  bearir,g cavit,y by t h r e e  
segmented carbon shaft seals. Liquid mercury was c i r cu la t ed  between t h e  two s e a l s  
nea res t  the  t e s t  cav i ty ,  and a vacuum was dwa.wn i n  the cavi ty  formed by the  second 
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and t h i r d  seals, InstrumeRt pene t ra t ions  included i n t e r f a c e  cav i ty  vacuum, o u t l e t  
temperature and pressure ,  and buffer s e a l  o u t l e t  temperature.  
d r iven  by a 400-cycle, 3-phase, 20,000-rpm motor. The speed w a s  reduced t o  12,000 
rpm by c o n t r o l l i n g  t h e  frequency of t h e  power supply.  

The t e s t  r i g  was 

A schematic o f t h e  loop used f o r  mercury s l i n g e r  t es t s  i s  shown 
i n  Figure 15. 
loop was designated as LI-1.  Instrurnenfa,tion provided i n  t h e  loop included seal  
r i g  i n l e t  temperature and pressure ,  s e a l  r i g  i n l e t  flow o r i f i c e  ( ~ p ) ,  mercury sup- 
p l y  t ank  pressure ,  bu f fe r  seal  i n l e t  p ressure ,  buffer  seal i n l e t  and o u t l e t  temp- 
e r a t u r e ,  and s h a f t  speed. Pressure t ransducers  i n  conjunction with Recorders 
were used f o r  a l l  p re s su re  measurements. 
+2% of t h e  reading. 
s t a n t a n  thermocouples i n  conjunction with a Brown recorder .  Temperature measure- 
ment accuracy w a s  - +2$1 of t h e  reading. 

A photograph with t h e  t e s t  r i g  i n  p lace  is  shown i n  Figure 16. This 

The accuracy of t h i s  combination was 
All temperatures were obtained with t h e  use o f  copper con- - 

Shaf t  speed was obtained with t h e  use of an induct ion speed 
pickup and a Hewlett-Packard counter.  Speed i s  aLso monitored by a strobotac.. 

2. Procedure f o r  Mercury Tests 

The t e s t  procedures f o r  a t y p i c a l  t e s t  are as fol lows:  Cooling 
water w a s  introduced t o  t h e  t e s t  sec t ion  cool ing  annulus and t h e  motor s i d e  cool- 
i ng  annulus.  One o f  t h e  buffer seal tanks  w a s  p ressur ized  with N2 and flow w a s  
e s t ab l i shed  from one buffer seal t a n k ,  through the tes% r i g  buffer seal area t o  
t h e  second buf fe r  seal tank .  Inst-ruments were checked f o r  zero peadings and t h e  
vacuum pump w a s  tu rned  on. The power source w a s  ad jus ted  t o  provide t h e  correct, 
motor input  corresponding t o  a desired q e e d .  The d r i v e  motor w a s  then  turned on 
and t h e  speed checked w i t h  t h e  s t robotac .  The speed w a s  ad jus ted  where necessary,  
A "dry" dece le ra t ion  w a s  then  taken f o r  la . rer  use i n  deterinining t h e  t e s t  r i g  
f r i c t i o n  hp loss. The "dry" dece lera t ion  procedure c o n s i s t s  of switching t h e  
d r i v e  motor off  and recording t h e  res.Lzltant dece le ra t ion  txsnsien+, on an o s c i l l o -  
graph. The signal t o  t h e  oscillogra,ph w a s  genera.ted by a magnetic speed pickup. 
The d r i v e  motor was t h e n  r e s t a r t e d .  
w a s  evacuated t o  1 mm o r  lower. Next t h e  mercury supply t a l k  w a s  p ressur ized  t o  
roughly t h e  des i r ed  s l i n g e r  o u t l e t  Tressure and t h e  t e s t  r i g  charge valve w a s  
opened. This  charged t h e  s l i n g e r  cavi ty  w i t h  g e r c l z y .  The r e s u l t i n g  s l i n g e r  
d i scharge  pressure  w a s  observed and the ;Ler@wy surp ly  t ank  p res su re  w a s  adjusted 
as necessary t o  t r i m  it t o  t h e  desired l e v e l .  Data f o r  t h e  s t a t i c  flow condi t ion 
w a s  t hen  taken  and a photograph of  t he  l iquid-vapor  i n t e r f a c e  was obta.ined. A 
" w e t "  dece le ra t ion  w a s  then  taken i n  t h e  manner. previously descr ibed.  The i n t e r -  
face r eg ion  w a s  s tud ied  i n  order  t o  d e t e c t  any leakage from t h e  i n t e r f a c e  reg ion .  

The s l i n g e r  caviLy and t h e  aft, seal cav i ty  

A. OIL SLINGER TEST'S 

1. I n t e r f a c e  S t a b i l i t y  

a. Vaneless S l inger  

The in t e r f aces  obtained with vaneless  s l i n g e r s  were found 
t o  be  considerably smoother than  those ob5ained with vmed s l i n g e r s .  I t  i s  
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t he re fo re  qu i t e  fo r tuna te  t h a t ,  during t h e  course of t h e  s l i n g e r  program, SNAP-8 
system cons idera t ions  permit ted reduct ion of t h e  s l i n g e r  discharge pressure  from 
t h e  o r i g i n a l  requirement of 1 5  p s i a  t o  5 p s i a .  
ment allowed replacement of vaned s l inge r s  with vaneless  s l i n g e r s .  A s  a r e s u l t ,  
t h e  i n t e r f a c e  of t h e  o i l  seal-to-space i s  r e l a t i v e l y  smooth and stable.  

This reduct ion i n  pumping requi re -  

Figures  17, 18, and 19 show t h e  i n t e r f a c e s  obtained with 
a 2 ,5- in . -d ia  vaneless  s l i n g e r  tu rn ing  at 12,000 rpm. 
and the axial clearance values  range from 0.01i t o  0.062 i n .  
considerable  v a r i a t i o n  i n  i n t e r f a c e  smoothness with axial  c learance.  ?"he i n t e r -  
f ace  obtained with an 0.011-in. axial c learance  (Figure 17) i s  very smooth. The 
i n t e r f a c e s  obtained with clearances o f  0.031 i n .  (Figure 18j a9d 0.062 i n .  (Fig-  
u r e  19) are considerably more tu rbu len t .  
amount of d i sso lved  a i r  i n  t h e  ET-378 o i l  somewhat aggravated t h e  l iquid-vapor  
i n t e r f a c e s  of Figures  18 and 19. 
change i n  t h e  cha rac t e r  of t h e  in t e r f ace  occurs as a x i a l  c learance i s  increased 
from 0 . 0 1 1 t o  0.031 in .  Accordingly, t h e  a x i a l  c learance of t h e  seal- to-space 
s l i n g e r s  i n  t h e  SNAP-8 r o t a t i n g  assemblies h a s  been he ld  t o  a minimum p r a c t i c a l  
value ( i .e . ,  0.010 t o  0.020 i n . ) .  

The f l u i d  i s  ET-378 o i l  
The p i c t u r e s  show 

Poss ib ly  t h e  presence of an excess ive  

Nevertheless, it i s  c l e a r  t h a t  an inpor tan t  

The p i c t u r e s  r e v e a l  t h e  presence of a l i q u i d  f i l m  on t h e  
s t a t i c  face wi th in  t h e  i n t e r f a c e  rad ius .  The th ickness  and mobil i ty  of t h i s  f i l m  
appear t o  be propor t iona te  t o  the  a x i a l  c learance .  During t h e  opera t ing  condi- 
t i o n  shown i n  Figure 17, t h e  f i l m  was hard ly  no-biceable. It was q u i t e  ev ident  a t  
l a r g e r  a x i a l  c learances ,  however. Since t h e  s l i n g e r  s h a f t  w a s  h o r i z o n t a l l y  
o r i en ted ,  t h e  f o r c e  of g r a v i t y  w a s  s u f f i c i e n t  t o  cause a not iceable  movement of 
t h e  f i l m  away from t h e  i n t e r f a c e  ( i n  t h e  upper po r t ion  of t h e  s l i nge r )  and i n t o  
t h e  i n t e r f a c e  ( i n  t h e  lower po r t ion  of' t h e  s l i n g e r ) .  
is i l l u s t r a t e d  i n  Figure 20. 

The nature  of  t h i s  movement. 

The presence of a l i q u i d  f i l m  wi thin +,he s l i n g e r  i n t e r -  
f ace  radius i s  extremely s i g n i f i c a n t .  The primary func t ion  of t h e  s l i n g e r  i n  
the seal- to-space concept i s  t o  provide a p o s i t i v e  demsxa t ion  between l i q v i d  
and vapor ( i . e . ,  t o  provide a b a r r i e r  p a s t  which l i q u i d  cannot f low) .  
t h e  f i l m  observed i n  t h e  s l i n g e r  t e s t s  would remain immobile i n  a zer.0-g en- 
vironment. It a l s o  appears un l ike ly  that, even a mobile s l i n g e r  f i l m  could pene- 
t ra te  t h e  scavenging a c t i o n  of the ad ja.cent c lose-clearance molecular pump (Fig-  
u r e  1). This l a te r  content ion is  born out  by t h e  low o i l  leakage rates measured 
i n  t e s t s  of t h e  Model A Sea l  Simulator (see Yolume Iv of %5is repo- t ) ,  
less, it i s  qu i t e  c l e a r  t h a t  t h i s  problem would not, exist ,  i f  t h e  s l i n g e r  had a 
non-wetting l iqu id-sur face  combination. No such film i s  observed i n  t h e  mercury 
s l i n g e r  tes ts  repor ted  i n  Sect ion IV,B. 

Poss ib ly  

Neverthe- 

Figure 2 1  i l lustzates how a non-wetting l i qu id - su r face  
combination prevents  formation of a l i q u i d  f i l a  on t h e  s t a t i c  w a l l .  There it is  
seen that  t h e  sur face  t ens ion  fo rce  i s  t h e  only fo rce  tending t o  prevent  t h e  
momentum force  from forming a l iqu id  f i l m  on t h e  s t a t i c  w a l l ;  t h e  sur face  t ens ion  
fo rce  a c t s  i n  oppos i t ion  t o  t h e  momenturll f o r c e  only i n  t h e  presence of a non- 
we t t ing  l iqu id-sur face  combination. Z?lus,it appears t h a t  t h e  l i q c i d  f i l m  could 
be e l imina ted  o r  diminished by coat ing t h e  slingei- w a l l s  with a non-wetting 
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material such as Teflon. 
S i l i c o n  Vacuum Grease on t h e  t ransparent  s t a t i c  wal l ,  revealed t h e  e f f ec t iveness  
of a non-wetting sur face .  Subsequently, such a f i l m  of Teflon was spec i f i ed  f o r  
o i l  s l i n g e r  w a l l s  of t h e  space s e a l s  i n  t h e  SNAP-8 power conversion system r o t a -  
t i n g  assemblies.  

Addit ional  s l i n g e r  t e s t s ,  with a coa t ing  of Dow Corning 

b. Vaned Sl ingers  

Since t h e  system requirements of t h e  SNAP-8 r o t a t i n g  as- 
semblies permit ted use of vaneless  s l i nge r s ,  t h e  d a t a  obtained f o r  vaned s l i n g e r s  
was u l t ima te ly  found t o  have no d i r e c t  a p p l i c a t i o n  t o  SNAP-8. 
b r i e f  d i scuss ion  of t h e  i n t e r f a c e s  observed f o r  vaned s l i n g e r s  i s  presented below. 

Nevertheless ,  a 

Figure 22 shows a 2.5-in.-dia shrouded 12-vane s l i n g e r  
opera t ing  a t  12,000 rpm. The a x i a l  c learance i s  0.011 i n .  The i n t e r f a c e  i s  seen 
t o  be very tu rbu len t ,  al though i t s  appearance i s  somewhat aggravated by t h e  f a c t  
t h a t  t h e  o i l  was not  w e l l  degassed and t h e  i n t e r f a c e  vacuum caused formation of 
a bubble-like f r o t h  i n  t h e  v i c i n i t y  o f  t h e  i n t e r f a c e .  Adequate de-gassing pro- 
cedures had not been developed a t  the  time of t h i s  t e s t .  Nevertheless ,  it i s  
evident  t h a t  t h e  i n t e r f a c e  is  considerably more tu rbu len t  than  i s  des i r ed  f o r  
use as a seal- to-space.  

The o i l  f i l m  wi th in  t h e  c e n t r a l  unvaned s e c t i o n  was rela- 
t i v e l y  immobile and e s s e n t i a l l y  trapped s ince  t h e  a c t i o n  of t h e  vanes tended t o  
prevent  it from jo in ing  t h e  f l u i d  at the  s l i n g e r  per iphery.  No tes ts  were con- 
ducted with a non-wetting coa t ing  on t h e  s t a t i c  w a l l .  It i s  not known j u s t  what 
improvement m i g h t  be obtained by such means, 

The reasons f o r  covering t h e  vane t i p s  with a shroud are 
i l l u s t r a t e d  i n  Figure 23. There the  i n t e r f a c e  r e s u l t i n g  from a t e s t  of an un- 
shrouded vaned s l i n g e r  i s  shown. I n  such tes t s ,  severe v ib ra t ion  and increased 
drag were observed when t h e  radial engagement between the  vanes and the l i q u i d  
w a s  small. P i c tu re s  such as t h e  one shown i n  Figure 23 revealed a pronounced 
i n t e r a c t i o n  between t h e  vane t i p s  and t h e  l i q u i d ,  which caused a wedge-shaped 
wake behind each s l i n g e r  t i p .  Since the v i b r a t i o n  and energy loss appeared t o  
be caused by flow across  t h e  t i p s  of t h e  vanes, it w a s  reasoned t h a t  add i t ion  of  
a r i m  a t  t h e  ou te r  diameter of t h e  s l i n g e r  would s i g n i f i c a n t l y  a l ter  t h e  flow 
p a t t e r n .  This proved indeed t o  be the case.  The vibra.t ion disappeared and t h e  
power l o s s  w a s  reduced t o  two-t,hirds of i t s  previocs  value.  The shroud w a s  
adopted f o r  a l l  subsequent vaned s l inge r  tes ts .  

2 *  Pumping Coeff ic ien ts  

Figures  24 through 29 show t h e  punping c o e f f i c i e n t s  obtained 
f o r  vaneless  and f o r  vaned s l inge r s .  Each curve shee t  shows t h e  inf luence  of 
engagement r a t i o  and Reynolds Sumbes. Separate  curve sheets a r e  presented f o r  
each of t h r e e  a x i a l  c learances .  The r e s u l t s  show t h e  pumping c o e f f i c i e n t s  TO be 
e s s e n t i a l l y  unaffected by Reynolds ?lumber. The inf luence  of engagement r a t i o  on 
pumping c o e f f i c i e n t  i s  small. A small decrease i n  pumping c o e f f i c i e n t  a t  high 
engagement r a t i o  i s  observed f o r  vaneless s l i n g e r s .  The exact opposi te  t r end  
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seems t o  hold t r u e  f o r  vaned s l i n g e r s ,  but again t h e  e f f e c t  i s  small. Increased 
a x i a l  c learance  causes a decrease i n  pumping c o e f f i c i e n t  f o r  vaneless s l i n g e r s  
whereas, f o r  t h e  range of c learances  t e s t e d ,  increased c learance  improves t h e  
pumping coe f f i c i en t  f o r  t h e  vaned s l inge r .  A l l  o f  t h e s e  e f f e c t s  are small, how- 
ever.  
l e s s  s l i n g e r s  and 0.9 t o  1.0 f o r  vaned s l i n g e r s .  

I n  general ,  it i s  c l e a r  t h a t  pumping c o e f f i c i e n t s  a r e  0.4 t o  0.5 f o r  vane- 

3 -  Drag Coef f i c i en t s  

Figures 30 through 35 show t h e  drag  c o e f f i c i e n t s  obtained f o r  
vaneless and vaned s l i n g e r s .  The curves f o r  both vaneless and vaned s l i n g e r s  
show a small increase  i n  drag  as a x i a l  clearance inc reases  from 0 . 0 1 1 t o  0.062 
in .  The small negative s lope  of t h e  curves i s  i n  genera l  agreement with t h e  d a t a  
repor ted  f o r  completely submerged disks  by Daily and 'I\Jece (References 2, 3 ,  and 4) .  

The d a t a  from t h e  pumping and d rag  curves were used t o  c a l c u l a t e  

The T'AA uses  S ize  208 a n t i - f r i c t i o n  bearings and ro- 
power loss of t h e  o i l  s l i n g e r s  f o r  the SNAP-8 Turbine-Alternator Assembly and 
Mercury I m p  Motor Assembly. 
t a t e s  a t  12,000 rpm while t h e  Hg PMA uses  S ize  207 bearings and r o t a t e s  a t  7800 
rpm. The r e s u l t i n g  power loss values a r e  presented i n  F igures  36 and 37. For 
an average o i l  temperature of  250°F, t h e  power l o s s  p e r  s l i n g e r  f o r  t he  TAA and 
Hg PMA is 0.67 
is  i n t e r e s t i n g  t o  note what t h e  power requirement would have been had vaned 
s l i n g e r s  been requi red .  
requirement of 1.30 hp f o r  each TAA s l i n g e r  and 0.375 hp f o r  each Hg PMA s l i n g e r  
( f o r  1 5  p s i a  r e t u r n  p re s su re ) .  
power saving i n  add i t ion  t o  t h e  super ior  l iquid-vapor i n t e r f a c e  c h a r a c t e r i s t i c  
d i scussed  e a r l i e r .  

hp axd 0.15 hp, r e spec t ive ly  ( f o r  5 p s i a  r e t u r n  p re s su re ) .  It 

The power loss da ta  of F igures  38 and 39 show a power 

Thus t h e  vaneless s l i n g e r  o f f e r s  a considerable 

B, MERC'JRV SLIKGER TESTS 

1. I n t e r f a c e  S t a b i l i t y  

The mercury s l i n g e r  z e s t s  were not nea r ly  as broad i n  scope as 
t h e  o i l  s l i n g e r  t e s t s .  no generalized p l o t s  of pumping and drag  c o e f f i c i e n t s  
were obtained. Ins tead ,  a l l  a t t e n t i o n  was d i r e c t e d  a t  i n t e r f a c e  behavior and 
pumping performance a t  s p e c i f i c  SYAP-~ opera t ing  condi t ions .  
t i o n  w a s  given t o  the question o f  i n t e r f ace  s t a b i l i t y .  

The g r e a t e s t  a t t e n -  

F igures  40, 41, and 42 show mercury s l i n g e r  l iquid-vapor i n t e r -  
f aces  a t  running condi t ions  dup l i ca t ing  those  of t h e  t u r b i n e  seal-to-space ( i . e . >  
2-in.  OD d i sk ,  12,000 rpm, with an applied p res su re  of 20 p s i a ) .  
appl ied  t o  %he i n t e r f a c e  cav i ty .  Three a x i a l  c learance  va lues  were inves t iga t ed :  
0.010, 0.018, and 0.025 i n .  
only 0.080 i n .  with t h e  s l i n g e r ,  s o  t h e  l iquid-vapor i n t e r f a c e  i s  loca ted  very 
near  t h e  OD of t h e  s l i n g e r .  A slot i n  t h e  t r anspa ren t  end p l a t e  loca ted  j u s t  
below t h e  i n t e r f a c e  tends  t o  obscure t h e  view of t h e  i n t e r f a c e .  The na ture  of 
t h i s  s l o t ,  included f o r  t h e  purpose of in t roducing  a cold mercury through flow, 
i s  i l l u s t r a t e d  by Figure 43. 7igures 40, 41, and 42 r ep resen t  conditions wi th  
no through flow, however. 

A vacuum w a s  

The 20-psi applied pressure  causes an engagement of 
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The il?c;erface is d is t inguished  bes t  i n  F igures  41 and 42. It 
i s  seen t o  be  genera l ly  smooth and stable i n  na ture .  I n  each case, however, a 
small populat ion of l i q u i d  d rop le t s  is observed wi th in  t h e  i n t e r f a c e  r ad ius .  
diameter of t h e s e  d rop le t s  appears t o  be propor t iona l  t o  t h e  a x i a l  c learance of 
t h e  s l i n g e r .  The d rop le t s  were r e l a t i v e l y  immobile ( they  tended t o  wander about 
t h e  i n t e r f a c e  cav i ty  slowly and i n  a random manner). It i s  poss ib l e  t h a t  t hese  
d r o p l e t s  were caused by an in t e rac t ion  between t h e  l iquid-vapor  i n t e r f a c e  and t h e  
annular -s lo t  i n  t h e  t r anspa ren t  f ace  p l a t e ,  

The 

The presence of these d rop le t s  raises a s i g n i f i c a n t  quest ion:  
camely, can t h e s e  l i q u i d  d rop le t s  pass through t h e  molecular pump flow r e s t r i c t o r  
and escape through t h e  s e a l  as r a w  l i q u i d  leakage? It i s  q u i t e  probable t h a t  such 
leakage cannot occur.  
wi th in  t h e  molecular pump. A l s o ,  t he  molecular pump conf igura t ion  should provide 
an e f f e c t i v e  scavenging ac t ion .  ! levertheless,  it was decided t h a t  modified s l i n g e r  
conf igura t ions  should be t e s t e d  i n  an e f f o r %  t o  eliminate t h e  generat ion of l i q u i d  
d r o p l e t s  e 

The l i q u i d  drople t s  are l a r g e r  t han  t h e  r a d i a l  c learance 

The conf igura t ion  i l l u s t r a t e d  i n  Figure 44 provided a stable 
i n t e r f a c e  which a l s o  generated no l i q u i d  d r o p l e t s .  This conf igura t ion  was t e s t e d  
with a t r anspa ren t  face p l a t e  and demonstrated t h a t  t h e  d r o p l e t s  were e l imina ted .  
A microflash photograph taken during t h i s  demonstration i s  shown i n  Figure 45. 
There it i s  seen t h a t  t h e  i n t e r f a c e  cav i ty  i s  c l e a r  of  d rop le t s .  The d r o p l e t s  
v i s i b l e  i n  t h e  center  were t rapped in  t h e  s h a f t  hub c a v i t y  during s t a r t u p  of t h e  
t es t .  Mercury v i s i b l e  a t  a l a r g e r  rad ius  i s  l i q u i d  which seeped i n  behind a 
p l a s t i c  r i n g  which w a s  pPessed i n t o  t h e  t r anspa ren t  f a c e  p l a t e .  The c l e a r  region 
between t h e  p l a s t i c  r i n g  and t h e  hub c a v i t y  i s  t h e  s i g n i f i c a n t  p a r t  of t h e  p i c t u r e .  
s ince  it revea l s  a complete absence of d r o p l e t s ,  A s  a r e s u l t  of t h e s e  tes ts ,  t h e  
s l i n g e r  conf igura t ion  shown i n  F igme 44 w a s  incorporated i n t o  the SNAP-8 t u rb ine  
seal- to-space and t h e  Model A and Model B S e a l  Simulators .  
t h e  seal s imula tors  have confirmed the  e f f ec t iveness  of t h i s  mercury s l i n g e r  con- 
f i g u r a t i o n  e 

Successfu l  t e s t s  of 

2. I n t e r f a c e  S t a b i l i t v  with Through Flow 

The seal- to-space des ign  adopted f o r  use i n  the sXAP-8 t u rb ine  
i s  t h e  one i l l u s t r a t e d  i n  Figure 1 and discussed ear l ie r  i n  t h i s  r e p o r t .  The i l l u s -  
t r a t i o n  i s  accura te  i n  most d e t a i l s  although it does not  i l lustrate t h e  modified 
s l i n g e r  conf igura t ion  discussed above. This seal conf igura t ion  i s  t h e  same con- 
f i g u r a t i o n  t h a t  w a s  tested successfu l ly  i n  t h e  Model 13 S e a l  Simulator.  A somewhat 
d i f f e r e n t  conf igura t ion  w a s  t e s t e d  in  t h e  Model A S e a l  Simulator.  The major d i f -  
f e rence  between t h e  two c o n f i g n a t i o n s  i s  t h a t  t h e  Model B (Figure 1) configura- 
t i o n  uses an  o i l  h e a t  exchanger t o  cool  t h e  mercwy s l i n g e r  i n t e r f a c e  whereas t h e  
Model A conf igura t ion  cools  t h e  in t e r f ace  by introducing a flow of cold (210'F) 
mercury a t  t h e  i n t e r f a c e .  This i s  done i n  a manner similar t o  t h a t  i l l u s t r a t e d  
i n  Figure 46. The purpose of t h e  annular slot i n  t h e  t r anspa ren t  face p l a t e  of 
F igure  43 was t o  demonstrate whether o r  not  t h i s  method of in t roducing  flow a t  
t h e  i n t e r f a c e  causes undue distl lrbance of t h e  i n t e r f a c e .  The resul ts ,  shown i n  
F igure  L7, revealed an  i m t a b l e  i n t e r a c t i o n  between t h e  through flow and t h e  
i n t e r f a c e .  A smoo-,h flow o f  mercury i n t o  t h e  s l i n g e r  in te r face 'was  obtained only 
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when t h e  flow was introduced i n  a r a d i a l l y  outward d i r e c t i o n .  The conf igura t ion  
which permit ted t h i s  i s  shown i n  Figure 48. This  conf igura t ion  was incorporated 
i n t o  t h e  Model A Sea l  Simulator. Subsequent t e s t s  of the Model A S e a l  Simulator 
f u r t h e r  demonstrated t h e  adequacy of t h e  method of in t roducing  i n t e r f a c e  coolant 
t o  t h e  s l i n g e r  i n t e r f a c e .  
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v. CONCLUSIONS 

A. OIL SLINGERS 

1. Axial  clearance of t h e  vaneless s l i n g e r  i n  t h e  o i l  s e a l - t o -  
space should be small. An a x i a l  clearance no l a r g e r  than  0.010 t o  0.20 in .  i s  
recommended. 

2. S t a t i c  and dynamic su r faces  ad jacent  t o  t h e  l iquid-vapor i n t e r -  
f ace  of t h e  o i l  s l i n g e r  i n  t h e  seals-to-space should be coated with a 0 . 0 0 1 t o  
0,003 i n .  th ickness  of Teflon o r  an a l t e r n a t e  ma te r i a l  not wetted by ET-378 o i l .  

3 .  Sl inge r s  having a small  engagement with t h e  l i q u i d  have pump- 
ing  c o e f f i c i e n t s  e s s e n t i a l l y  t h e  same as those  f o r  f u l l y  submerged s l i n g e r s .  
Pumping c o e f f i c i e n t s  a r e  s u f f i c i e n t  t o  permit generation of 5 p s i a  r e t u r n  p re s -  
sure  with f u l l y  scavenged bearing operation f o r  S ~ u - 8  TAA and Hg PMA. Liquid- 
vapor i n t e r f a c e  w i l l  r i d e  on ou te r  race of ad jacent  bearings.  

4. Sl inge r  power consumption f o r  SNAP-8 r o t a t i n g  assemblies i s  
0.67 hp f o r  each TAA s l i n g e r  and 0.15 hp f o r  each Hg PMA s l i n g e r .  

B. KERC'lrRY SLIMGER 

1. The vaneless s l i nge r  conf igura t ion  i l l u s t r a t e d  i n  Figure 44 
gives a stable i n t e r f a c e  tha t  provides a p o s i t i v e  demarcation between l i q u i d  
and vapor. This s l i n g e r  configuration i s  recommended f o r  use i n  t h e  TAA seal- 
to-space * 

2. The vaKeless s l i nge r  provides pumping such t h a t  a 2-in. s l i n g e r  
t u r n i n g  a t  12,000 rpm c a s  generate 20 p s i  w i t h  a radial engagement of 0.080 t o  
0.100 in .  

3 *  h f l u e n c e  of a x i a l  c learance  on t h e  s l i n g e r  i n t e r f a c e  i s  not 
c r i t i c a l .  However, i% should be kept l e s s  than  0,025 i n .  s ince  t h i s  w a s  t h e  
l a r g e s t  value t e s t e d .  
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Slinger Seal  Test Model 

Figure 6 
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LWL-3 S l inge r  Seal Test Loop 

Figure 7 
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O i l  S l inge r  Test  Rig 

Figure 10 
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LOS-1 Test Loop 

Figure 11 



Oil Slinger  Test R i g  Assembly 

Figure 12 
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Mercury S l inge r  Test Rig 

Figure 13 



Mercury Sl inger  Tes t  R i g  Assembly 

Figure 14  
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LMS-1 Test Loop 

Figure 16 



Report No. 2808, Vol. I11 

Figure 17 
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MOVEMENT OF FILM ON STATIC WALL 
WITHIN SLINGER INTERFACE RADIUS 
(HORIZONTALLY ORIENTED SHAFT) 

Figure 20 
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Figure 21 
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(12,300 rpm; 0.012 i n .  
Vaned S l inge r  I n t e r f a c e ,  OS-124 
Axial Clearance, 12-Vane Configuration Without Shroud) 
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r 

Mercury S l inge r  I n t e r f a c e  
(2- in .  -OD S l i n g e r ,  12,000 rpm, 0.018-in. Axial Clearance) 

Figure 41 
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~ 

Mercury S l inge r  I n t e r f a c e  
( 2 - i n . - 0 ~  S l i n g e r ,  12,000 rpm, 0.025-in. Axial  Clearance)  

Figure 42 
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SHAFT -A 

CONFIGURATION OF TRANSPARENT END PLATE, FIGURES 40, 41, AND 42 

Figure 43 
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Modified Configuration f3r the  Mercury S l i n g e r  

F igure  44 
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In te r f ace  I n s t a b i l i t y  Due t o  Improper In t roduct ion  
of Flow t o  t h e  I n t e r f a c e  

Figure 47 
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Mercury 
700'F; 

Mercury Outlet 

'\ 

Configuration f o r  Introducing Mercury 
Coolant a t  S l i n g e r  I n t e r f a c e  

Figure 48 
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APPENDIX A 

INERTIAL METHOD FOR DETEBMINING HORSEPOWER LOSS 

Given t h e  r e l a t i o n s h i p s  

where 

T = torque ( inch - lb )  
2 

I = Mass moment of i n e r t i a  (inch-lb-sec ) 
0 

N = Revolutions pe r  minute (rpm) 

t = time ( s e c )  

o = angular v e l o c i t y  ( rad ians /sec)  

hp = horsepower 

dN 
a t  It may be seen t h a t  i f  Io can be accu ra t e ly  eva lua ted  and - determined, t h e  

torque  and horse power l o s s  f o r  a r o t a t i n g  assembly may be spec i f i ed .  

For t h e  s l i n g e r  seal t e s t  r i g s ,  t h e  Io of a l l  r o t a t i n g  arts ( inc luding  t h e  
d r i v e  motor) w a s  determined by use o f  a t o r s i o n a l  pendulum; 
an osc i l l o scope  dece le ra t ion  t r a c e  o f  a coas t  down from an  e g i l i b r i u m  running 
condi t ion .  

w a s  determined from 

The f r i c t i o n  horsepower loss is f i rs t  determined by use of a dece le ra t ion  
t r a c e  obtained with no f l u i d  i n  t h e  r i g  and then  a t o t a l  horsepower l o s s  de- 
termined with t h e  s l i n g e r  opera t ing  a t  a des i r ed  test  condition. The d i f f e rence  
between t h e s e  two values i s  t h e  net  horsepower loss. 

The t o r s i o n a l  pendulum method f o r  measuring moment of i n e r t i a  i s  implemented 
as follows: 

The frequency of o s c i l l a t i o n  of a t o r s i o n a l  pendulum i s  
7 

f = Ll+ cycles/second 
2Jr 0 

A - 1  
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where 
k = t o r s i o n a l  spr ing  constant 

where 

G = e l a s t i c  modulus i n  shear, p s i  

d = w i r e  diameter i n  inches 

4 = wire length  i n  inches 

Rearranging t h e  foregoing expression, 

k 
2 2  I =  

4 n f  0 

k i s  dependent only on t h e  p rope r t i e s  of t h e  t o r s i o n a l  sp r ing  (a long t h i n  
It i s  not necessary t o  know t h e  exac t  dimensions and e l a s t i c  modulus of wi re ) .  

t h e  wire s ince  k may be evaluated experimentally by measuring t h e  frequency of 
o s c i l l a t i o n  of a mass'of known Io a t tached  t o  t h e  wire. This mass should be a 
cy l inde r  whose Io may be r e a d i l y  ca lcu la ted  from t h e  fol lowing expression: 

3 
m r  1 = -  

0 2 

where 

2 m = mass ( lb-sec / in . )  

r = r ad ius  ( i n . )  

It is  not necessary t o  a c t u a l l y  eva lua te  k s ince  i f  t h e  same wire i s  used 
f o r  both t h e  known (or standard) mass and t h e  unknown mass 

2 
2 2  

k 
2 2  

4 Ti f s t d  

- - 0 
I 

Io standard 4 x fo  

k 

To summarize: t h e  Io i s  determined by (1) r i g i d l y  a t t ach ing  a mass of known 
I t o  a wire and measuring t h e  frequency of o s c i l l a t i o n ,  (2 )  r ep lac ing  t h e  known 
mass with t h e  mass of unknown Io and measuring t h e  frequency of o s c i l l a t i o n ,  and 
( 3 )  c a l c u l a t i n g  Io with t h e  use of t h e  foregoing expression. 

0 

dN - i s  determined by measuring t h e  i n i t i a l  slope of an osc i l loscope  dece lera-  
d t  

t - ion  t r a c e  (rpm vs time). 

A-2 
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APPENDIX B 

ERROR ANALYSIS 

The instrumentat ion used for da ta  assimilati n w a  combination f labora-  
t o r y  type and process  type.  Except where noted, t h e  instrumentat ion was c a l i b r a t e d  
p r i o r  t o  the conducting of t e s t s  and was considered t o  be e s s e n t i a l l y  accura te  
wi th in  t h e  limits spec i f i ed .  

For t h e  ET-378 tests,  Hiese gages were used for pressure  measurement and 
thermocouples with a Simplytrol  readout f o r  temperature measurement. 
gages were considered t o  be e s s e n t i a l l y  accurate and have a l e a s t  count of  0.2 
p s i .  
S imply t ro l  had a least count of  5 O F  and a least  readable  count of 2-1/2'F, allow- 
i n g  t h e  reading t o  be est imated t o  within an accuracy of 1-1/boF. 
curacy of t h e  S imply t ro l  was ca l ib ra t ed  t o  be less than  2% of the ind ica t ed  
reading.  

The Hiese 

This allows t h e  reading t o  be taken wi th in  an  accuracy of 0.1 p s i .  The 

The bas i c  ac- 

For the  mercury tes t s ,  a pressure t ransducer-UN recorder  combination w a s  
used f o r  a l l  p re s su re  measurements ( inc luding  Ap f o r  f low).  
recorder  combination w a s  used f o r  temperature measurement. The least readable  
count of t h e  recorder  t r a c e  i s  0 . 2  m i l l i v o l t  and t h e  maximum e r r o r  o f  t he  
pickup readout combination i s  ca l ib ra t ed  t o  be less than  2%. 

A thermocouple-Brown 

S l inge r  engagements were measured by s c a l i n g  from photographs us ing  a known 
diameter t o  develop a s c a l e  f a c t o r .  
es t imated t o  be 0.031 i n .  

The maximum e r r o r  f o r  t h i s  measurement i s  

The sha f t  rpm was measured i n  both ins tances  w i t h  a stroboscope. The least  
count with t h i s  instrument w a s  10 rpm, and the maximum e r r o r  w a s  less than  1% of 
the indica ted  reading.  

The expression f o r  the pumping c o e f f i c i e n t  i s  as fol lows:  

where 

2 
g = 32.2 f t / s e c  

p = l b / f t 3  dens i ty  of  l i q u i d  ( l b / f t  ) 

2 P and P = 1b/ft  
3 0 

r = s l i n g e r  radius  ( f t )  
0 

B-1 
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r = i n t e r f a c e  radius ( f t )  

o = angular ve loc i ty  ( rad /sec)  

The maximum dev ia t ion  i n  t h e  pumping head may be expressed as 

r 1 
2 no+ + -  w r -r 

0 

p,  g, and Po here  were considered t o  be e s s e n t i a l l y  accura te .  

From examination of t h e  foregoing expression, t h e  maximum dev ia t ion  would 
occur with a low discharge pressure  and high engagement r a t i o .  

The horsepower loss equat ion i s  

T N  hp '= - 
5250 

where 

N = rpm 

?' = tozque ( f t - l b )  

The maximum dev ia t ion  i s  

The expression f o r  t h e  torque c o e f f i c i e n t  f o r  two s i d e s  of a disk i s  

where 

o = rad/sec 

r and ro = f t  

The maximum dev ia t ion  may be expressed as 

Here aga in ,  the maximum devia t ion  occurs w i t h  a high engagement r a t i o .  

The i n e r t i a l  method used t o  measure t h e  torque T i s  estimated t o  have a 
maximum e r r o r  of 5%. 

Maximum d.eviations f o r  t.he various dy-amic s e a l  conf igura t ions  a r e  t abu la t ed  
below f o r  an engagement r a t i o  (r/ro) of approximately 0.9. 

E-2 
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12-Van Shrouded 0.031 18.8 0.94 0.18 0.25 

Smooth Vaneless 0.011 4.0 0.88 0.13 0.21 

Smooth Vaneless 0.031 5.6 0.91 0.13 0.21 

12-Van Shrouded 0.062 20.8 0.93 0.17 0.26 
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SNAP-8 SEALS-TO-SPACE DEVELOPMENT TEST PROGRAM 

Aerojet-General Corporation 

ABSTRACT 

Tests were conducted t o  demonstrate t h a t  dynamic s l i n g e r s ,  us ing  o i l  and 
mercury as working f l u i d s ,  are capable of genera t ing  s t a b l e  l iquid-vapor i n t e r -  
f aces  f o r  use i n  t h e  SNAP-8 seals- to-space.  The t e s t  r i g s  contained t r anspa ren t  
housing sec t ions  which permit ted observation of t h e  l iquid-vapor  i n t e r f a c e s  dur- 
i n g  opera t ion .  Resu l t s  demonstrated t h a t  s t a b l e  i n t e r f a c e s  can be obtained f o r  
t h e  opera t ing  condi t ions of t h e  r o t a t i n g  assemblies of t h e  SNAP-8 power conver- 
s ion  system. 
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